We systematically investigated the hydrogenation and dehydrogenation properties for heavy rare earth-based binary R H Ni 5 (R H = Gd, Tb and Dy) intermetallic compounds and evaluated the correlations between crystallographic and thermodynamic properties. XRD analysis shows that all R H Ni 5 compounds crystallize in the hexagonal CaCu 5 -type crystal structure. In analogy to the light rare earth-based R L Ni 5 (R L = La, Pr, Nd and Sm) compounds both lattice constants of R H Ni 5 compounds decrease with increasing the atomic number of R H element due to the lanthanide contraction. On the pressure-composition (P-C) isotherms, GdNi 5 -H 2 system shows two well-separated pressure plateaux qualitatively similar to R L Ni 5 -H 2 systems. Looking over from Gd to Dy in the R H Ni 5 compounds, we find three specific dehydrogenation properties on the P-C isotherms: 1. The first plateau pressure (p P1 ) increases in this order (at around H/R H Ni 5 = 2.5) due to less stability of hydrogen in the unit cell by the lanthanide contraction. Linear correlations are also observed between log p P1 and the unit cell volume (V) which fall onto the same lines extrapolated from those observed in case of the R L Ni 5 compounds. 2. The second plateau (P2) tends to disappear because the P-C isotherm goes beyond the critical point of the phase transition. 3. Fairly flat first plateau separates into two parts in which a new plateau (PN) appears at low hydrogen content (H/R H Ni 5 2) with hysteretic phase transition. So long as the first plateau of dehydrogenation is concerned, from LaNi 5 to DyNi 5 we can predict the first plateau pressure from the unit cell volume of compounds and temperature.
Introduction
Pressure-composition (P-C) isotherm is the most important properties for intermetallic compound-hydrogen systems. 1) At room temperature LaNi 5 with hexagonal CaCu 5 -type crystal structure can absorb hydrogen to form hydride LaNi 5 H 6:7 with showing a single pressure plateau corresponding to the phase transition between solid solution phase and hydride phase.
2) With respect to the plateau pressure (p p ), it is generally known for rare earth (R)-based CaCu 5 -type compounds that the p P value is logarithmically related to the unit cell volume (V) of the compounds (ln p p / V).
3) Most of the hydrogenation-dehydrogenation properties reported until now are mainly focused on light rare earth (R L )-based intermetallic compounds. On the other hand, for heavy rare earth (R H )-based CaCu 5 -type intermetallic compounds the hydrogenation properties are not appreciably known. Some researchers 4, 5) have investigated the hydrogenation properties of ternary R H Ni 5Àx Al x , R H Ni 5Àx Ga x (R H = Gd, Tb, Dy, Ho and Er, 0 < x 2) compounds, but no P-C isotherms of binary R H Ni 5 compounds have been clarified yet except the plateau pressure for GdNi 5 -H 2 system 6) because the R H Ni 5 compounds have too high plateau pressure to be determined with a conventional Sieverts' apparatus.
In our previous report, 7) we studied the hydrogenation properties for R L Ni 5 -H 2 (R L = La, Ce, Pr, Nd and Sm) systems using modified Sieverts' apparatus up to 35 MPa.
Consequently we found the R L Ni 5 compounds except CeNi 5 have qualitatively similar hydrogenation properties, in that two well-separated plateaux indicate the existence of two hydrides with the compositions of R L Ni 5 H 3$4 ( phase) and R L Ni 5 H 6$7 ( phase). In analogy with the first (lower) plateau pressure, the second (higher) plateau pressure increases with increasing the atomic number of R L element or with decreasing the unit cell volume of these compounds.
In this work, we selected the lighter members of heavy rare earth-based binary R H Ni 5 (R H = Gd, Tb and Dy) intermetallic compounds. We systematically investigated the P-C isotherms of these compounds to examine the correlations between the hydrogenation properties and the crystal structure together with the R L Ni 5 compounds.
Experimental Details
The purity of the starting materials was higher than 99.9% (Gd and Dy: Santoku Metal Industry Co., Ltd., Tb and Ni: High Purity Chemicals Co., Ltd.). The samples were prepared by arc melting with repeating several times. We confirmed that the weight loss of each ingot after the melting was negligible and that the samples had desired composition and homogeneity by the scanning electron microscope equipped with wavelength dispersion X-ray spectrometer. We also identified the crystal structure of the samples by using powder X-ray diffractometer as described previously.
7)
The high-pressure Sieverts' apparatus and the measurement of P-C isotherms have been described in details elsewhere. 7) Prior to the measurement, the samples were activated at several times by cooling down to 196 K under hydrogen at 35 MPa. Annealing was not performed for each sample before the initial activation, because the annealing at high temperature eliminates the lattice strain resulting in an increase in hydrogenation pressure. 8) For the confirmation of the reproducibility of the isotherms, the measurement under the same conditions was done at least twice with different batch of sample and obtained isotherms coincided well within the experimental error.
Results and Discussion
In the lanthanide series, the electron occupies the inner 4f orbital successively, leading to the decrease of atomic radius with an increase in the atomic number (Lanthanide contraction). This tendency is retained in the case of alloying with Ni, in that the unit cell volume (V) of RNi 5 intermetallic compounds with the hexagonal CaCu 5 -type structure (Fig. 1 , space group: P6=mmm) decreases monotonously with increasing atomic number of R element so long as the R elements tend to take the trivalent state. 9) In this study, it was found that the R H Ni 5 intermetallic compounds revealed a single phase with the hexagonal CaCu 5 -type crystal structure from their X-ray powder diffraction profiles. As shown in Fig. 2 , both lattice constants a and c, which are correlated with the V value, decrease with increasing the atomic number of R H element. These values also fall onto the same correlation line between the lattice constants established for the R L Ni 5 (R L = La, Pr, Nd and Sm) compounds. 7) This observation indicates that the c=a ratio of R H Ni 5 compounds does not practically change irrespective of the composition.
P-C isotherms of three compounds in the pressure range from 0.1 to 35 MPa are shown in Fig. 3 . It should be noted that for GdNi 5 -H 2 system 10) two well-separated pressure plateaux (first plateau: P1, second plateau: P2) with a pressure gap appear clearly, which are qualitatively similar to the R L Ni 5 -H 2 systems. 7) These plateaux are respectively attributed to the phase transitions among solid solution (GdNi 5 ), hydride (GdNi 5 H 3$4 ) and hydride (GdNi 5 H 5$7 ).
For the hexagonal CaCu 5 -type unit cell with space group P6=mmm, two possible positions for hydrogen atom D1 and D2 are shown in Fig. 1 together with the metal atom positions. The D1 positions are in the tetrahedral environment situated in the basal z ¼ 0 plane containing La atoms. The tetrahedral D2 positions are situated in the z ¼ 0:5 plane. As neutron diffraction studies by several researchers have shown, 11, 12) the D1 positions start to be occupied first in the initial process of hydrogenation with giving the first plateau. Subsequently the tetrahedral D2 positions start to be occupied on the further hydrogenation giving the second plateau. These positions correspond to two pressure plateaux together with two hydrides.
Looking over from Gd to Dy or an increasing order of atomic number of R H element in the R H Ni 5 compounds, we find three specific dehydrogenation properties on the P-C isotherms: 1. The first plateau (P1) pressure increases in this order (at around H/R H Ni 5 = 2.5). 2. The second plateau (P2) tends to disappear. 3. Fairly flat first plateau separates to show a new plateau (PN) at low hydrogen content.
First pressure plateau
With respect to the first plateau of dehydrogenation, it is generally accepted for R L -based CaCu 5 -type compounds such as LaNi 5 or SmCo 5 that the first plateau pressure of dehydrogenation (p P1 ) is logarithmically related to the V value 3) (log p P1 / V). Figure 4 shows the relationship between the p P1 and V values of R H Ni 5 compounds compared We can design the hydrogen storage materials for the utilization having a desired hydrogen pressure by controlling the composition of R element between La and Dy in an RNi 5 compound based on this equation. The relationship between log p P1 and V values as shown in Fig. 4 reveals that not only for GdNi 5 -H 2 system but for TbNi 5 -H 2 and DyNi 5 -H 2 systems the hydrogen atoms occupy the D1 positions corresponding to the first plateau because the R H Ni 5 compounds have the same crystal structure as described above. That is, the R H Ni 5 compounds are able to absorb at least 3 hydrogen atoms readily in the formula unit. As shown in Fig. 3 , the P-C isotherms for R H Ni 5 -H 2 systems have qualitatively similar properties, in that these contain the hydrogen plateau corresponding to the phase transition between R H Ni 5 () and R H Ni 5 H 3 ().
Apart from the width of first plateau or hydrogen content, the difference of R H element influences the plateau pressure (p P1 ) as shown in Fig. 4 . Due to the lanthanide contraction, the decrease of the unit cell volume leads to the contraction in volume of D1 positions, letting this position less stable for hydrogen. Figure 5 shows the enthalpy of dehydrogenation (ÁH) for R H Ni 5 -H 2 systems determined with the van't Hoff plots of first plateau pressure. The ÁH values for R L Ni 5 -H 2 systems, which have been published previously, 7) are also included for comparison. As can be seen, the ÁH value for R H Ni 5 -H 2 systems increases in series similar to the R L Ni 5 -H 2 systems, which corresponds to the increase of the p P1 value.
Second pressure plateau
In contrast to the first plateau, the second plateau forphase transition tends to disappear as the atomic number of R H element increases. Contrary to the obvious second plateau for GdNi 5 -H 2 system, the second plateau is barely observable for DyNi 5 -H 2 system. Because of this disappearance of the second plateau, the hydrogen contents of R H Ni 5 compounds are much smaller than those of R L Ni 5 compounds, which absorb the hydrogen to reach the hydride composition of R L Ni 5 H 7 , at given temperature and pressure.
Due to the lanthanide contraction, the decrease of the unit cell volume also leads to the decrease in volume of D2 positions corresponding to the second plateau. As can be seen in Fig. 5 , the ÁH value for second plateau increases in series up to SmNi 5 , similar to the first plateau. From this relationship, we can presume that the ÁH value for second plateau of R H Ni 5 -H 2 systems approaches to zero, indicating the D2 positions are less stable for hydrogen. In a study concerning the statistical analysis of the P-C isotherms, 13) we found that with an increase in order of atomic number of R L element in R L Ni 5 compounds the critical pressure of the second plateau decreased whereas the critical temperature increased. Under this experimental condition, the second plateau is no longer distinguishable from the P-C isotherms for R H Ni 5 -H 2 systems beyond the critical point of the -phase transition.
New pressure plateau
In the case of TbNi 5 -H 2 and DyNi 5 -H 2 systems, the P-C isotherm shows large hysteresis between hydrogenation and dehydrogenation, and the pressure plateau is somewhat inclined. On the hydrogenation isotherm, the first plateau pressure for these systems coincide with the second plateau pressure for GdNi 5 -H 2 system, which leads to a larger hysteresis of these systems than that of GdNi 5 -H 2 system. The D2 positions may be occupied first in the initial process of hydrogenation for TbNi 5 -H 2 and DyNi 5 -H 2 systems.
On the dehydrogenation isotherm, the first plateau separates into two parts in which the lower hydrogen content part (H/R H Ni 5 2) changes drastically while the higher hydrogen content part (2 H/R H Ni 5 3) of first plateau (P1) for R H Ni 5 -H 2 systems is consistent with the regularity observed in the R L Ni 5 -H 2 systems. On the P-C isotherm measurement at 248 K, we observed a new pressure plateau (denoted as PN) at low hydrogen pressure for TbNi 5 -H 2 and DyNi 5 -H 2 systems, indicating the appearance of new hydride phase ( 0 ). The pressure of lower new plateau (p PN ) is about one order of magnitude lower than that of the original first plateau pressure (p P1 ). That is to say, TbNi 5 and DyNi 5 absorb hydrogen accompanied by the phase transition from to and desorb hydrogen firstly from to 0 and subsequently from 0 to . Similar behavior has been observed for Zr 7 Ni 10 -H 2 system, 14) i.e. showing one plateau during hydrogenation and two plateaux during dehydrogenation.
After dehydrogenation we found that DyNi 5 compound has the same CaCu 5 -type structure as before the hydrogenation in spite of the hysteretic phase transition. However, it was not so easy to confirm the phase transition caused by the displacement of hydrogen by means of XRD measurement because these R H Ni 5 compounds have high plateau pressure. Detailed study on the crystal structure of R H Ni 5 compounds during hydrogenation-dehydrogenation is now under way.
